This paper describes the development of a computer simulation of the care of hip fracture, a common and serious injury with a complex journey of care. The project made use of a national, evidence-based guideline on hip fracture care, together with data from a national hip fracture audit and from service and research sources. To overcome the recognized limitations of such data in the modelling of care, clinicians from different specialties and disciplines working on hip fracture care participated by means of multi-agent-based modelling techniques.
Introduction
Planning health care services requires the acknowledgement of different interests: the 'consumer' or patient, clinicians, managers, politicians, accountants, public health specialists and more. Decision-making strategies should therefore be broadly based, allow consideration of multiple options and testing of outcomes and also encourage the involvement of stakeholders in terms that they understand.
Health care service planning must often be done with incomplete or inadequate information, and in a context of severe clinical, economic and political pressures. Health care provision is also expected to be increasingly evidence-based, and evidence-based guidelines are emerging for many clinical conditions. But questions remain about how service delivery can be aligned to guideline recommendations, how compliance with them can be measured and how this will affect outcomes.
Computer simulation might be more extensively used both to inform planning and answer such questions. Health care systems typically have large amounts of data describing their service activities -such as patient numbers, surgical procedures, length of stay and hospital mortality -while other important domains such as clinical casemix, details of process and clinical outcomes are often poorly described. The limitations of computer simulation of services based on routine service data are substantial, but have been addressed over recent years in ways which may increase their clinical applicability and their acceptability to clinicians [1] [2] [3].
Clinically based computer simulation has the potential to help decision-makers overcome these limitations, and simulation is widely used in other fields to explore the consequences of multiple options. Where data exist, these can be used both to provide inputs to a computer simulation and to validate outputs. Where there are no firm data, estimated values can be tested.
Clinically based simulation can provide the basis for more robust modelling of care by using agent-based techniques [4] . As in object-oriented analysis, this allows the representation of real world activities and events, and their interaction using descriptions close to natural language. Thus it is easier to involve clinicians in developing, validating and using the simulation: all these stages can be conducted in the language of clinical practice, rather than, for example, via statistical data. HipMod, the project described in this paper, was funded for 15 months by the Chief Scientist Office of the Scottish Office Health Department, to involve clinicians in developing and validating an innovative computer-based simulation of hip fracture care. The process made use of substantial available data on hip fracture and its care:
• comprehensive large-scale audit data [5] • structure, process and outcome information [6] • current best practice, identified from clinician input, literature and a national guideline [7] .
This approach allowed investigation of the potential of a clinically based model for computer simulations to support decision making about hip fracture care from the level of clinical practice up to that of service organization and strategic development. The simulation supported an initial quantitative exploration of the potential gain of national guideline compliance, and could be developed to allow further exploration of major policy options, and preliminary modelling of the impact of demographic change, including the predicted rise in hip fracture, on future services.
Background

Hip fracture
Hip fracture is the most common serious and the most serious common injury affecting older people. It occurs most often after low-impact injury, typically in the course of a fall. There ensues a complex but common 'journey of care' which involves entry through the Accident and Emergency Department (A&E), admission to the orthopaedic ward, preparation for anaesthesia and surgery, post-operative care, early rehabilitation aimed at mobilization and independence in the activities of daily living, followed in most cases by discharge planning, co-ordination of support and rehabilitation services and discharge home -or, if necessary to permanent residential or nursing care.
Many professions, disciplines and agencies are involved at different stages of this journey of care, and good co-ordination of their efforts is the key to successful treatment, rehabilitation and discharge. Most patients with hip fracture are admitted from home, with a minority from various forms of institutional care; mortality is higher among the latter.
Hip fracture and its care currently pose major challenges for developed nations with demographically mature populations and around 60,000 cases occur in the UK each year. Female/male ratio is 4:1 and most patients are aged 80 or over. Residual disability, including loss of the ability to remain at home, is common; mortality, at around 30 per cent at one year, is high.
Hip fracture care involves a wide range of health and social services, professional disciplines and agencies and is expensive. UK National Health Service (NHS) costs for hip fracture care are around £5000 per episode. Residual disability is costly too, with the costs of necessary community and institutional care in the post-acute period approximately equalling that of acute NHS care.
Hip fracture, as a common, well-defined injury with major resource implications and observed differences in outcome between different centres, has been identified as a priority area in which research and audit could result in improved standards of care [8] .
In recent decades the efficiency of care has improved as a result of the wider use of surgical techniques that allow early mobilization, and improvements in rehabilitation, such as the use of Early Supported Discharge (ESD) schemes that reduce length of stay by a combination of early reduction of dependency and increased rehabilitation and support at home [9] [10]. However, such developments have not succeeded in offsetting the impact of increasing incidence, and overall costs are expected to rise for some decades to come.
Scotland is unique in having developed both a national hip fracture audit which documents a majority of cases and a national guideline for hip fracture care.
The Scottish Hip Fracture Audit (SHFA), based on Rikshoft, the Swedish multi-centre hip fracture study, included 11 centres and had 7000 cases in its database at the time of the HipMod project [6] . SHFA documents case mix, length of stay, surgical procedures and complications, mobility, dependency, residential status and mortality [11] [12]. Its Currie et al. HipMod comprehensive and detailed data offered a particularly firm basis for both the development and validation of the HipMod computer simulation of hip fracture care.
In addition, two collaborative studies linked to SHFA informed the modelling process: a descriptive study of structure and process of care for hip fracture patients in four units participating in the early stages of the Audit [7] [13]; and a costing study, analysing costs in two contrasting centres participating in the Hip Fracture Audit [14] .
The Scottish Intercollegiate Guidelines Network (SIGN) has published a Guideline on the management of elderly people with fractured hip. This Guideline, first issued in 1997 [7] and subsequently reissued in updated form in 2002 [15] , was used to model alternative scenarios to assess the implications of guideline compliance. ). However, a recurring conclusion is that traditional OR techniques cannot handle the inherent complexity of patients and health services. This inherent complexity can be addressed by the 'communicating agent' approach, in which participants in a system are termed agents, and the dynamics of the system are represented by how these agents communicate with each other. This approach, in both practical and intuitive terms, is well suited to patientoriented simulations and the direct involvement of clinical decision-makers in a modelling project.
Multi-agent modelling and simulation
The approach has its origins in computer science for representing the 'communicating processes' required to make operating systems, user interfaces, networks, e-mail and internets work [20] [25] , have been applied to systems involving people and how they communicate through verbal/visible signals and messages.
In a multi-agent model of health care, the 'agents' are patients and staff, and the dynamics are a combination of clinical practice and management policies. When animated by computer simulation, the model can show the dynamics of the care services and the effects of various management and policy options. This provides a scalable framework with which to explore the efficiency and effectiveness of clinical management options for complex service redesign [26] .
Agent-based modelling offers a means of maximizing realism in modelling by eliciting process inputs from real participants in the processes being modelled; by using the judgements of such participants to shape process descriptions subsequently embedded in the model; and in contributing to validation by scrutinizing the performance of the model in terms of the credibility of its outputs when compared to real outcome data available from the audit.
In terms of the HipMod project, the range of possible participants included nursing, medical and rehabilitation staff (physiotherapists and occupational therapists) involved in the various stages of care. Experienced health care staff in the acute orthopaedic unit and in post-acute rehabilitation wards who participated in the project were familiar with the hip fracture casemix, the range of common scenarios and the various common complications of hip fracture care. A total of 31 health care professionals contributed, and were
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able to describe and discuss in detail the various factors -both positive and negativethat shape outcomes of hip fracture care; to comment on progress as the model evolved; and in due course evaluate its outputs.
The model and simulation tools built on earlier work for the NHS Management Executive for Resource Management Training and Awareness [27] , by NHS in Scotland for Clinical Directorate Development [2] [28] [29] and by the King's Fund for modelling urgent events [30] [31] . However, few previous studies have been based on data sets as extensive and complete as those available from the Scottish Hip Fracture Audit, and few appear to have involved comparable breadth of clinician inputs in the simulation of care of a single injury.
Throughout the work of the project, simulation focused on the journey of care for a patient with a hip fracture, from presentation at the Accident and Emergency Department, to discharge home, to long-term care, or death, so that, although many inputs from multiple sources contributed to the simulation process, it remained firmly based on the experience of patients, and was thus inherently patient-centred.
Methodology and results
The methodology can be described in terms of a generic process model consisting of a series of stages: identify and collect inputs; analyse inputs to develop the model; animate and test the model by simulation; and, given acceptable performance, implement the simulation.
This analyse/design/build/test cycle is iterative and thus allows refinement of the model until it meets validation criteria. Validation can occur at two levels: the fine-tuning of the model (formative evaluation), and evaluation against user requirements (summative evaluation). The result is a tool that is both usable and useful.
Inputs
The background description above shows how this work was prompted both by the importance of clinical and organizational decision-making in hip fracture care, and by the availability of relevant inputs of unusual diversity and quality. The role of these inputs is more complex than simply 'feeding' the model.
The inputs described below gave us data on structure (staff resources, facilities, agents, services), processes (clinical practice, social services activity) and outcomes (recovery, discharge destinations, mortality). These data were collected, analysed and used to build the model.
[10]. These provide an accurate descriptor of a large number of patients, including such information as mobility pre-injury, at time of discharge and four months post-injury. Data consist largely of case-mix and outcomes, with only limited detail on the processes that led to these outcomes, and no resource management data.
2 The SIGN national guideline on hip fracture [7] [15]. This documents an 'aimsdriven' model of the whole system of care, with the phases of the journey of care providing an organizing framework. It describes goals to be achieved for Currie et al. HipMod progressing from phase to phase, but lacks detail in process and definition in outcome indicators.
3 Local protocols. These model, in whole or in part, the system of care, offer more details than the national guideline, and customize the processes from the guideline to local circumstances.
4 Data from four-centre study [6] [13]. These describe structure and process in hip fracture care, compare these across participating centres, and provide qualitative detail together with interpretation of local variations.
5 Relevant service databases and research studies. These supplied more detail on specific aspects of the process: e.g. a description of incidence and nature of inter-current illness in a continuous sample of patients undergoing rehabilitation and preparing for discharge home via the Early Supported Discharge (ESD) scheme in the teaching hospital trauma unit.
6 Clinician inputs. These describe strategies for decision-making and priority-setting (particularly where resources are limited) and provide progress profiles for different types of patients, including the relationship between interventions and progress. They also identify factors -such as confusion, pre-fracture mobility and living status, staff experience, pressures of time -affecting progress in relation to guideline/protocol recommendations.
Despite the availability of large amounts of data from sources 1-5 above, there remained, because of the limitations of data-only modelling noted above, a clear need for the contributions from source 6. Close clinician involvement and input ensured that the emergent model reflected the realities of day-to-day clinical decision-making and included the impact on patient care of concurrent clinical events and resource constraints.
Clinicians took part in a series of meetings in the major teaching hospital involved in the HipMod project, an associated rehabilitation hospital and the District General Hospital, in which multidisciplinary teams and individual specialist participants in hip fracture care actively developed the model with a systems modeller (J. B.-J.).
The model advanced over a period of months from outline form to higher levels of complexity incorporating relatively fine-grained clinical reasoning, for example by incorporating the effect on later rehabilitation of significant pre-operative delay, or the likely impact on progress of confusional states resulting from infections such as those affecting the urinary or respiratory tracts.
In practice, the involvement of uni-and multi-disciplinary groups of clinicians on the different sites in detailed discussion of goal-setting, prioritization, implementation and review of clinical interventions was a major and crucial part of the project.
Development
The development process began with a conceptual model that was based on all the above inputs: text descriptions; databases; the experience of many service users and health care staff; and the shared understanding of domain experts and modellers. A model must then be made explicit so it can be examined and 'animated' or brought to life by simulation software. The HipMod model was made explicit in the form of text files, spreadsheets, diagrams and finally as coded detailed algorithms used by the simulation software.
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The concept of the journey of care, for reasons already outlined, was used as the basic framework for the development of the model and communication with clinicians. It includes:
• presentation of hip fracture (including immediate management, assessment and confirmation of diagnosis)
• preoperative care (including optimization of clinical condition and scheduling of surgery)
• surgery (including anaesthetic management)
• postoperative care
• rehabilitation
• discharge planning and follow-up.
For each of these phases, the model took account of:
• patient characteristics and behaviour
• clinical decision-making and interventions
• resource use.
The model captured the interaction of all these factors in hip fracture care using rules, Bayesian probabilities and pathways produced by clinical staff to show how patients typically respond to care in different situations. For each of the phases above, we identified the key patient characteristics, for example home circumstances, mobility and co-morbidity. These formed the basis for changes in patient state throughout the simulation, and hence influenced outcomes.
The model was built using a local derivative of ML [32] , compatible with current versions of OCAML [33] . It is a functional programming language that provides automatic storage management, powerful data types and pattern matching, first class functions, a strong static typing system, multi-threaded concurrency with date and time primitives. It can simulate large problems with tens of thousands of concurrent computations. Thus individual patients, doctors and nurses can be different instances in the simulation.
The clinical practice model is in terms of clinical interventions, which were described in terms of the resources required and the effect. When evaluated during simulation for an individual patient, these descriptions provided (a) the recommended resource requirement and (b) the effect of various levels of available resource (including none). The descriptions are functional, and so can depend on any known parameter value, including patient characteristics and other parameters such as casemix, day and time of day, volumes and workload. Resource priority/allocation models worked out which patients get the recommended resource levels, and lower levels for those who had to make do with less input. These interventions could modify (improve/deteriorate) patient characteristics such as 'co-morbidity', mobility, independence and home situation, which are referred to in decisions about referrals and discharge.
Validity testing and re-calibration of the model
Our contributing clinicians first had to see a model in which they had confidence. This rested on both measures of system performance and also on a kind of 'face' validity: they Currie et al. HipMod needed to recognize elements of the model and its behaviour as corresponding to their world. In other words, they needed to look inside the 'black box' of the simulation and see something they recognized. Such clarity and proximity are among the main strengths of agent-based simulation, as in object-oriented methodologies, and will be further described below.
Second, the comprehensive SHFA audit database was used to measure the performance of the simulation. Given structural inputs that matched the audit data, did the behaviour of the simulation produce outcomes that matched the real outcomes seen in audit data?
The next stage involved a cycle of 'test/re-calibrate/test . . .' as the model was refined by a process of repeated simulation. The emerging model was used to generate and run a set of test scenarios, with patient populations reflecting variations in case-mix. Audit data were used to provide demographic inputs, thus ensuring real-world case-mixes. The audit was also a source of real-world outcomes of care, against which the outcome data produced by the simulation were validated.
In the simulation, patient characteristics at any point in time were used to assess the need for care activity. Scheduling processes were run to try to match resources (for example theatre time) with need. Resources were then consumed as the activity was performed, and patient characteristics altered as a result. Patient responsiveness to care was modelled for individual characteristics.
Resources, such as staff time and expertise or available beds, were varied, and the effects measured. Simple costing of activity was included, building on a previous study [14], but is not described in detail in this paper.
The simulation was evaluated in two ways:
1 clinical experts scrutinized the model and its outputs 2 formal statistical analysis was performed against audit data.
Clinical credibility was tested informally in discussion with individuals and multidisciplinary groups that appraised in detail the process and its outputs. Statistical analysis was carried out by generating a database of simulated patients that could be compared to existing audit data on real patients. The available validation data included only female patients (c. 80 per cent of cases of hip fracture). Formal statistical analysis used Chi-squared goodness-of-fit tests to compare simulated and actual patient location at key time points and overall distributions of length of stay. Log-rank testing compared simulated and actual time-to-home curves. Figures 1 and 2 are examples of outputs used in validation. Figure 1 shows on the left a state diagram of the kind that can be generated from the simulation. patients. Goodness-of-fit in this comparison was used over the period of model development as a measure of progress, and testing and re-calibration continued to improve the simulation performance.
Use of simulation
The model was used to simulate hip fracture care delivery reconfigured to comply with the national guideline on hip fracture care. This allowed exploration of how service change affected outcomes and patterns of resource use. Table 1 shows examples of how parameters were set to simulate different levels of guideline compliance, with two scenarios, one of which had low compliance for most recommendations covering the early phases of the journey of care, and one of which was 'reasonably' compliant. Minimal delay in the Accident and Emergency Department, surgery within 24hrs, effective management of concomitant medical illness are all recommended by the guideline, and are associated with better quality care and improved outcomes. The idea of 'reasonable' compliance was used because clinicians felt that a perfect compliance for the large number of cases involved in the simulation might represent an unrealistic expectation. Tables 2 and 3 show examples of patient outcomes and resource use illustrating the effect of these simulated levels of compliance. In Table 2 the higher level of compliance reduces time to surgery, improves early mobility and accelerates return home. Resource outcomes in Table 3 show how lower compliance is associated with less efficient use of acute and post-acute (GORU) beds, a major determinant of overall costs of care.
These exploratory simulations showed that the model could be used to demonstrate the clinical impact of compliance with the evidence-based national guideline in the care of this common and important injury. Measurable changes related both to the quality and the efficiency of care: patients dislike long waits in emergency admission units, and prompt surgery is known to minimize the duration of dependency and is associated with better post-operative progress. Higher compliance could be seen both as meeting patients' aspiration to regain mobility and return home and reduced length of stay translates to savings in the costs of care.
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Discussion
The defining features of this project are its links with a national guideline on hip fracture care and a comprehensive and detailed national audit database and the close involvement of clinicians in the multi-agent-based modelling techniques used to develop a model of hip fracture care. These information resources and the policy of clinical involvement in the details of care simulation succeeded in producing a model that was validated in terms of both professional judgement and statistical comparisons against real outcomes from similar case-mix ranges as documented in a large-scale audit of hip fracture, and that could be used to simulate the consequences of guideline compliance.
Clinical modelling
The involvement and contribution of clinicians actively involved in hip fracture care was of particular interest and value. Multi-agent modelling mirrored the realities of multidisciplinary Table 3 Example effects of lower guideline compliance on resource use
Resource outcomes Effect of lower compliance
Bed-nights Acute 23% more than higher compliance GORU 9% more than higher compliance Total 15% more than higher compliance care, and the simulation's emphasis on the familiar journey of care experienced by hip fracture patients further increased the accessibility and acceptability of the modelling process to clinicians with minimal previous experience of such work. Over the series of meetings, clinical logic became steadily more familiar to non-clinical project staff. They could observe how an increase in one factor would lead to a decrease in another: for example, an increase in pain would lead to a decrease in mobility, while better pain control would decrease pain and hence promote mobility. Processes and behavioural outcomes of the system could all be discussed and understood in real-world language, and clinicians could quickly tell modellers how realistically the system was in its simulation of their everyday work.
Clinician interest also appeared to reflect an acknowledgement that experienced clinicians practise and make decisions using a more or less explicitly recognized internal process of clinical modelling that allows them to take account of the nature, determinants and outcome probabilities of cases encountered day to day. Clinicians refine their models by accumulating knowledge of many hundreds of cases added over many years of practical experience. They recognized the emerging HipMod model as life-like rather than theoretical, and valued the efforts made to tap their expertise in improving it and, later, their judgements in validating it.
Occupational therapists involved in the project went a step further, and considered the use of such a simulation not just in reflecting their thinking, but as a means of developing their clinical reasoning skills. They concluded that clinically based care simulation offered a structured approach to the acquisition by junior clinicians of the mental models normally acquired informally over years of accumulating experience. A 25-point flow chart identifying therapy-related rehabilitation goals at various stages in the journey offered a means of simulating and validating decision-making processes with a senior colleague more easily and rapidly than in the care of real patients [34] . The wider potential of clinically based care modelling in professional education is worth exploring further.
The model and the real world: Issues in hip fracture care
The process of model development, and subsequent validation exercises, both clinical and statistical, delivered and tested a clinically based simulation of hip fracture care which, as the above work shows, is capable of exploring scenarios depicting varying degrees of guideline compliance -a matter of increasing importance as the drive to use evidencebased guidelines in the pursuit of higher quality and lower costs in health care gathers momentum.
Guidelines make available evidence-based recommendations on what should happen at the various stages of care. The audit data used here describe, reliably and on a large scale, what actually happens. This, together with the willingness of clinicians to share their expertise in the development and the validation of the model, provided a uniquely robust basis for the modelling care of a serious, costly injury the incidence of which will continue to increase as populations age.
The project used audit data and clinical inputs from two very different hospital settings. One, admitting 200 cases annually, demonstrates a simple structure of care, with the great majority of patients going directly home from the acute unit. In the other, admitting four times that number, care structure was more complex, with options of intensive early rehabilitation and access to large numbers of off-site rehabilitation beds.
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There is currently a debate about future patterns of service for trauma patients, and increasing centralization of care seems likely, with a consequent need for sharply diminished length of acute stay and more widespread use of dispersed post-acute care. Clearly the scope for empirical prospective trials of such options is limited by consideration such as costs and practicality. Clinically based care simulation option as developed by the HipMod project offers low-risk exploration of various scenarios in ways that -unlike the relatively simplistic approach of modelling from raw service data -might command clinician respect.
Rehabilitation is a major determinant of outcomes in hip fracture care and, since length of stay constitutes a greater component of the overall costs than does the operative phase of care, has a major role in promoting cost-effectiveness. Various schemes of rehabilitation after hip fracture have been described, with varying costs and efficiency. Again, the simulation for large numbers of patients of the impact of different approaches to rehabilitation allows a swift and low-risk exploration of options.
In more general terms, the model also offers a possible means of exploring demographic scenarios, evaluating the impact on services not only of increasing numbers, but of changing case-mixes: the challenge of looking after increasing numbers of increasingly frail patients from home might be very much more serious than that posed by increasing numbers from nursing homes and other forms of high-dependency continuing care, for whom the length of stay and hence costs would be less.
Conclusion
This project has shown the feasibility of multi-agent modelling, supported by audit and service data and guideline recommendations, in simulating the complex journey of care that follows a hip fracture. It has demonstrated the use of the model in the simulation of guideline compliance and its effects for both patients and care systems.
The model has the potential to contribute to service organization and planning for the care of a serious and costly injury that is becoming more common as the population ages; and the work of the project may have demonstrated how the combination of audit data, guideline recommendations and strong clinical involvement can contribute to the development of care simulation models for other significant clinical diagnoses.
